[Abstract] The development of advanced weapons systems in an increasingly risk averse environment requires advanced capabilities to support affordable integrated test programs. In addition to the benefits of wind tunnel features such as increased speed ranges, flight Reynold's Numbers, flow visualization systems, etc., users will increasingly press for improved efficiency to support competitive programs. Facilities must continue to minimize the down time for test asset modifications and to enhance their capabilities in the area of high speed secure links to provide for fast data transmission and real-time remote operations. As the techniques for merging CFD analysis with wind tunnel, and eventually flight test data to evolve design solutions are advancing, productivity must be evaluated in relation to the overall development program and not sub-optimized against a single component of the process. The same technologies that are being developed to advance the performance and capabilities of those future weapons systems will also benefit the facilities that test them. An industry user of aerodynamic test facilities presents the requirements for future test programs, and operational concepts for realizing them. 
I. Introduction
CCURATE and efficient aerodynamic testing is a fundamental element of advanced aircraft and weapons development programs. Over the last 50 years, the number of test hours to develop a new aircraft has continued to increase on a per program basis, even while the number of runs per User Occupancy Hour has also continued to increase. 1 Ongoing advances in Computational Fluid Dynamics (CFD) capability provides the opportunity to replace a growing percentage of wind tunnel test points, but singular conditions still require experimental data to identify and account for unforeseen aerodynamic phenomenon. This trend towards increased data serves to address the decreased tolerance for risk associated with unanticipated discoveries late in development that have the potential to negatively impact system performance as well as program cost and schedule. However, to accommodate the need for reduced risk in an environment marked by increased economic pressures for both 1 Looking ahead through the next 15 years to 2025, from the perspective of a missile systems developer and user of aerodynamic test facilities, a concept of future programs and the associated test operations is intended to aid in the long term planning for such facilities. This time frame supports the approximate lead time required to establish or modify necessary infrastructure to support these needs.
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II. Background -The Military Development Program Environment
As indicated in Department of Defense Instruction 5000.02 3 and the recently released 2009 Strategic Management Plan 4 , the Department of Defense (DoD) is committed to ‗Reform the DoD Acquisition and Support Processes' as its third Business Priority. The goals and initiatives identified in this portion of the plan have a number of implications to the forecast and requirements for weapons systems development. Specifically, there will be a continued emphasis on the speed of delivery of new capabilities (as measured by number of months from program initiation to initial operating capability), a bias towards fixed price development (as measured by the percent of contracts at Milestones B and C that are fixed price), and a focus on overall improved acquisition performance with reduced technical risk that may lead to a preference for the spiral development of existing platforms to meet emerging needs.
To support the objective of accelerated low risk development, integrated test programs and data analysis plans must be established with a high level of detail early in the development cycle. Furthermore, these programs should be developed to support the planned maturation associated with DoD Technology Development while accommodating the need to optimize future spiral development activities. The same tools that are in place to develop advanced aerospace systems should also be employed to methodically develop low risk integrated test programs. This begins with the identification of aerodynamic test and analysis requirements linked to the system requirements, and the allocation of these to the test conditions, which can then be mapped to the capabilities of specific facilities and computational tools that are available. These will include the derived requirements to support design development and validation of the experimental and computational data, as well as requirements verification. From the time phasing of the allocated requirements, an integrated test program can be developed. Examples of high level aerodynamic test objectives that may be allocated to more detailed requirements and test planning considerations are provided in Reference 5.
III. Facility Capability Requirements
The requirements to be satisfied in the development of advanced weapons systems points to new or improved facility infrastructure capabilities to support affordable integrated test programs. Increasingly, these will serve to provide the baseline data to anchor CFD models, but will also continue to address atypical conditions where CFD fails, e.g. boundary layer transition, dynamic or time dependant environments (as in stage separation), and stoichiometric flows (as in combustion).
The AIAA Ground Testing Technical Committee has made a number of recommendations for strategic investment in wind tunnel test capabilities to support the implementation of Executive Order 13419-National Aeronautics Research and Development 6 . Among those listed, are the need for new high speed test infrastructure, and for increased simulation of the hypersonic regime. Their conclusions are supported by the facility users that represent the weapons development community.
Specifically for missile systems, the development of hypersonic interceptors is currently constrained by the lack of sufficient ground test facilities. Although several facilities capable of generating hypersonic flows do exist, meeting the requisite large scale and low turbulence requirements remains a significant challenge. In the case of exoatmospheric interceptors, the vehicle will continue to accelerate as it travels to areas of relatively large pressure. As a result, the vehicle will pass in and out of regions of laminar flow. This is of significant interest for aero heating 7 , flow separation and time dependant phenomenon, as well as changes in vehicle maneuverability. While the fully turbulent conditions are testable, the high speed, low pressure laminar cases are not. Comparison between the predicted performance and the flight results of Space Shuttle STS-1 provide a clear illustration of this discrepancy 8 . As described in the source, twice as much deflection of the body flap was required to trim the vehicle in pitch during reentry then was originally predicted, and 25+ years later, the identification and modeling of transition events continues to present risks in aerodynamic development programs. Nor can these phenomena be fully investigated in most facilities, primarily because the turbulent boundary layers on the tunnel propagate downstream into the test section where they ultimately trip the boundary layer on the model. Although there are facilities that have successfully demonstrated laminar hypersonic flow, these tunnels are too small, run times too short, and are typically not equipped to conduct high volume testing. When flying through a low pressure environment, maneuverability is commonly achieved through thrust vector control (TVC) or reaction jet thrusters. Since the effects of combustion do not scale, large facilities are required to accurately model how the jet flow interacts with the free stream and vehicle surfaces, especially for jet plumes in low density environments which require more area to develop. CFD is used to complete the high altitude aerodynamic models but without an empirical benchmark, the uncertainty is high.
A significant amount of time is invested in reducing the data following a wind tunnel test. Corrections must be made to remove the tunnel effects and produce a data set that best represents a vehicle in free flight. Wall effects, Reynolds number effects, flow angularity and sting interference all need to be quantified and corrected for. Depending on the length of the test and complexity of the missile system, this period of data reduction can require several months of effort. Once complete, uncertainty still remains due to the many artificial influences. Developing methods to remove or minimize tunnel supports, actuation systems, and other artificial effects will significantly decrease the amount of time required to bring new and innovative products to serve the needs of the war fighter. A number of wind tunnel facilities have successfully experimented with Magnetic Suspension and Balance Systems (MSBS) 9 . This work could be further progressed by applying the latest technologies being incorporated into advanced aircraft and missile systems to sense, process, and accurately position the test asset. While this capability holds significant promise for the future, the work to date has already demonstrated the feasibility of these systems to provide the benefits of more accurate force and moment measurements 10 through the elimination of support interference and reduced flow disruption. In addition to the improved quality of the data results, the maturation of magnetic suspension technology will also allow for improved efficiency in the rotational and translational positioning of the model, leading to increased productivity, an area of continued focus for the Users of aerodynamic test facilities.
Even without the use of magnetic suspension systems, improvements in test productivity can be found through the continued refinement of remote actuated models. Over the past several years, use and capability of these models has increased significantly in closed circuit, continuous flow applications as the ability to articulate more test asset features has progressed with the application of advanced mechanical and control systems. Although development, production, and installation costs are significantly more expensive, the constraint that often influences the decision for remotely operated models is the overall lead time to have the model ready for entry into the facility. While progress in this area rests more in the hands of the Users, the development of standard interfaces to facilitate the synthesis of model and tunnel data would support simplified and faster integration of remotely actuated models.
More recently recognized advantages are associated with the ability to use remotely actuated models in conjunction with autopilots and simulations to produce dynamic time dependant tests. Much like the Captive Trajectory System used during store separation tests, a remote actuated model can be used to find trim maps, verify control systems, and perform simulated mission trajectories. Force, moment, and model position data obtained from the test instrumentation, can be directly input into the simulation and processed by the autopilot, with resultant responses directly driving the remotely actuated control surfaces. This provides for a real-time flight-like environment to simultaneously evaluate control algorithms and aerodynamic features, and depending on the size of the systems, may be implemented using actual flight hardware. As aggressive deadlines and program budgets pressure the number of flight tests to decrease, this capability can help accommodate the gap and provide engineers with a methodology to effectively evaluate the system in advance of flight test. Applications of this type have been performed at Arnold Engineering Development Center (AEDC) using a method they refer to as Virtual Flight Testing (VFT) 11 . Even further benefit could be gained by combining this capability with magnetic support and balance systems described above.
An additional advantage for remotely controlled models is that they can be used to significantly decrease the development time and increase the accuracy of the aerodynamic models used in autopilot and simulation development. As indicated above, much time is spent analyzing and manipulating wind tunnel data following a test. This may require several weeks to months and is a direct result of the volume of data collected. This process can be significantly improved through the development of -Self-Constructing Aero Models‖. In this concept, test matrices would be adaptive and algorithms would be developed to analyze the test data in real time, compare with predictions, check for areas of significant area or non-linearity, and determine the next condition to be tested to decrease the model error. This would insure that all areas of importance were adequately modeled. As the testing continues, the aerodynamics model will update itself as the data tables are filled, and the error and uncertainty would be constantly monitored and minimized.
As CFD is increasingly used to develop standard force and moment predictions, more wind tunnel time will be focused on detecting regions of vehicle instability, flow turbulence, and other time dependant phenomenon. Nonintrusive flow visualization techniques complement the force and moment data by enabling the early identification and investigation of atypical conditions. Significant advances have been made in flow visualization technologies and methods over the past several years. The use of non-intrusive methods such as Particle Image Velocimetry allow for quantitative measurements to be taken while the flow itself remains unaffected by outside influences. Although this capability is currently desirable, its use is constrained due to the significant amounts of setup and reduction time that are required. As the methods continue to develop, and the cost and time associated with setup and collection go down, these methods will continue to augment the overall understanding of the vehicle aerodynamics in all regions of flight.
In addition to the need for facility improvements in aerodynamic performance and model support systems, improvements in the collection and transmission of data are also indicated. Wind tunnel testing requires a high level of flexibility. Often, the nature of the newly obtained data will dramatically change the predetermined course of the test. For this reason it is critical that the participating engineers have the opportunity to view and analyze the data as soon as it is collected. Currently, this requires having a number of aerodynamicists and other Guidance, Navigation, and Control engineers on site to address the different requirements for the nature of the data. Although the costs associated with on-site support of wind tunnel tests are small compared to the facility and model costs it is an additional expense and there is an associated loss of productivity in the separation from many of their standard analysis tools.
Real-time high-speed two-way data transfer via secure networks to User sites cross country support the real time objectives described above and allow for more engineers to participate effectively in the process. Data could be analyzed efficiently across all disciplines, to support better test decisions with the ultimate result of decreased development cycle time and costs, more accurate flight predications, and increased performance of the end product.
The full realization of the facility capabilities described above, will also require that both the Users and the Facilities assert their roles in a collaborative environment with certain attendant responsibilities for each.
IV. User Responsibilities
A crucial aspect of planning, once the aerodynamic facilities to support a development program have been identified is early collaboration with those facilities. Although the competitive nature of the business often discourages the free exchange of information, failure to take full advantage of non-disclosure agreements will likely result in less than optimal test programs, and possibly the assumption of additional unidentified development risks for the Users. Ideally, the User-Facility collaboration is a two way data exchange with the Users providing the test objectives in the context of the entire test program, and including accuracy requirements as they are allocated to the model translation system, instrumentation, and flow quality. Information on the planned test conditions is not only necessary for these to be accommodated, but may also allow the resident experts to identify test points where accuracy may be degraded due to facility constraints, and to offer potential mitigation strategies.
Planning of test programs should leverage the use of Systems Engineering tools and approaches to capture and track verification requirements as they are allocated to flight test, ground testing, CFD, and other supporting analysis tools. This allows for the early establishment of specific test conditions and data accuracy requirements, comparison to facility and tool capabilities, and the identification of gaps and risks to be addressed.
Users should be knowledgeable in the application of experimental uncertainty principles as they apply to aerodynamic testing and work closely with the Facility to identify the specific error sources. References 12 and 13 provide the methodology for applying experimental uncertainty to a wind tunnel test program, provide lists of likely error sources, and practical examples experimental uncertainty analyses of increasing complexity. The appropriate application of experimental uncertainty analysis is critical to obtaining and interpreting meaningful results. This is especially relevant where testing results will be compared to CFD analysis to support the verification of those models. For this, Users may be especially well served through consultation with Facility experts in the selection of model verification points with possible agreements to share the analysis results to assist in characterizing the Facility's aerodynamic features. CFD verification data originated by the Facility should also be requested by the Users and provided by the facilities, as well as solid models of the facility structure, test section features, and model support system for incorporation into CFD models.
Users will also best be served by communicating their long term prioritized needs in the context of their desired Concept of Operations to the aerodynamic facilities to allow them to develop their capabilities and make the best use of their capital investments. To support the continued investment in required facility capabilities, Users should also participate in Industry Working Groups and advocate for their forecasted requirements.
V. Facility Responsibilities
The technical staff members that support Aerodynamic Facilities are in a unique position to support and improve the results for the Users. They have the benefit of being intimately familiar with the capabilities of their Facility and will have supported numerous test projects and benefitted from the associated lessons learned. They offer expert knowledge for optimizing test programs to achieve project objectives 2 . Their responsibilities are multiple to investigate, measure and document the facility capabilities with respect to flow quality, model support systems, and instrumentation, to offer consultation to the users in the use of Experimental Uncertainty and Design of Experiments and other tools, to provide information to support the Users' analysis of their data, to follow and incorporate advancements in test technologies, and to maintain their facility and equipment so as to ensure it continues to meet the published capabilities and Users needs and that equipment failures do not impact scheduled test programs.
Facilities have the further responsibility to reach out to their User communities to develop and refine their technology roadmaps and subject to authorization and funding, provide for the capabilities required to support the Users needs for aerodynamic performance, model support requirements, and data analysis environments, including the collection and real-time transmission to remote sites, and eventually real-time interaction.
Finally, Facility representatives should participate in Industry Working Groups to address issues and opportunities through the sharing of information and the establishment of standards for common processes, tools, and interfaces that will reduce lead time and costs, bringing benefit to the broad aerospace testing community.
VI. Summary
Aerodynamic testing will continue to be an important aspect of weapons development for the foreseeable future, however identified capability advancements are required to meet the forecasted needs being driven by the current DoD environment which emphasizes lower risk development with reduced cycle times and costs.
Current capability gaps to be addressed for the missile systems developer include the achievement of laminar hypersonic flow with increased run times for larger scale models, elimination of test-unique effects such as model support systems, incorporation of real-time remote actuation, and the establishment of secure high-speed two-way data transmission. Although benefits will be realized from the advancement of each of these technologies, it is through the combination of these that aerodynamics testing will truly reach a new level of utility. Realization of these capabilities will demand infrastructure investments as well as increased cooperation and data sharing between the Facility and User communities. The Users of aerodynamic facilities will benefit by establishing and communicating their desired Concept of Operations and collaborating with the Facilities in setting future requirements.
